Linear optical properties of regio-regular-poly(3-hexythiophene) (rr-P3HT) and regio-regular-poly(3-hexyselenophene) (rr-P3HS) are investigated in relation to their anisotropic crystal structure by means of first-principles density functional calculations. The optical spectra are evaluated by calculating its dielectric functions, focusing on the frequency dependence of the imaginary part. The optical transition along the π conjugation-connecting backbone direction is found to be the most significant at the band edges. A group-theoretical analysis of the matrix elements is given to explain the interband transitions. The optical spectra, electronic structures, and structural stabilities are calculated using the all-electron full-potential linearized augmented plane wave (FLAPW) method within the local-density approximation. We proposed several possible crystal structures of rr-P3HT and performed structural optimizations to determine a stable structure. Comparing the total energy differences among these relaxed structures, a base-centered monoclinic structure belonging to the space group A2 is found to be the most stable structure. In the electronic structure, C and S orbitals belonging to polythiophene backbones are the biggest contributors at the valence band maximum and conduction band minimum, but there is almost no contribution from the hexyl side chains. Last, the differences in electronic and optical properties between rr-P3HT and rr-P3HS are discussed.
I. INTRODUCTION
Semiconducting polymers have attracted great interest as electron donor materials in bulk-heterojunction (BHJ) photovoltaics [1] [2] [3] [4] and charge transport materials in polymerbased field-effect transistors (PFETs). [5] [6] [7] [8] These organic electronic devices are promising alternatives to traditional silicon-based devices because of their relatively large area, low-cost fabrication, and mechanically flexible substrates associated with polymers. 9 In this context, regio-regularpoly(3-hexythiophene) (rr-P3HT) is widely used in BHJ solar cells, since power conversion efficiency surpassing 5% has been achieved for the devices in direct contact with the fullerene derivative 6 -phenyl-C 61 -butylic acid methylester (PC 61 BM). 2, 10 This material exhibits relatively high charge (electron/hole) mobilities (up to 10 −2 -10 −1 cm 2 /V·s.), which is comparable to that of amorphous silicon. 11 In these applications, the performance of devices is strongly dependent on the thin-film structure and morphology of the donor polymer on substrates. 12, 13 Rr-P3HT is one of the family of regio-regular-poly(3-alkylthiophenes) (rr-P3ATs). Figure 1 shows the basic chemical structure of rr-P3AT. All polymers that belong to this family consist of rigid backbones called polythiophenes (PTs) with pendant alkyl side chains [(CH 2 ) n−1 CH 3 ].
14 Regio-regular means that alkyl side chains on adjacent PT backbones are ordered in a "head to tail" conformation. 15, 16 Semicrystalline polymers exhibit highly ordered crystalline regions with disordered amorphous regions. 17 In the family of P3ATs, two polymorphs, called Forms I and II, have been observed, which differ mainly by the side-chain conformations. [18] [19] [20] Structural determinations for the Forms I of rr-P3HT (n = 6) have been performed on the basis of x-ray/electron diffraction measurements. [21] [22] [23] [24] [25] [26] Most papers published in the 1990s show only schematic models and lattice constants of crystal rr-P3AT; none are about internal coordinates and space groups. 18, 21, 22, 27, 28 In recent years, a monoclinic structure of rr-P3HT with a P 2 1 /c space group was proposed by small-angle electron diffraction measurements. 20, 29 To determine the stable crystal structure, several groups examined first-principles density functional theory (DFT) calculations and discussed their structural properties. [30] [31] [32] [33] [34] [35] However, most of these studies have been carried out using tentative orthorhombic lattices.
The possibility that the material shows space groups with lower symmetry and its optical properties have not yet been theoretically discussed.
More recently polyselenophenes such as regioregular-poly(3-hexylselenophene) (rr-P3HS) and poly (3-octylselenophene) have attracted interest in analogy with polythiophenes because polyselenophenes have a slightly smaller measured optical band gap than polythiophenes. 36 Their chemical structure is almost the same as that of rr-P3HT, but the sulfur atoms in the backbones are substituted by selenium atoms. It has been expected that the narrower band gap of rr-P3HS may lead to a more pronounced absorption in the BHJ device. 37 However, no significant improvement of the performance has been reported from experiments. 38 Differences, in the optical properties and electronic structures due to the replacement have not been theoretically investigated as yet.
In the present study, we elucidate the structural-optical property relationships that govern the optical transitions of the conjugated polymers on the basis of first-principles DFT calculations. Possible crystal structures for the Form I of rr-P3HT are proposed, and the stable structure is determined by performing structural optimizations and total energy calculations, which can shed light on the experimental observation of various structures. Once the stable crystal structure of the polymer is known, its electronic band structure, density of states (DOS), and linear optical properties in terms of dielectric functions are accurately calculated by the all-electron full-potential linearized augmented plane wave (FLAPW) method. The differences in the electronic structures and optical properties between rr-P3HT and rr-P3HS are also discussed.
II. COMPUTATIONAL DETAILS
Linear optical spectra and electronic structures are calculated using the all-electron FLAPW method [39] [40] [41] [42] based on DFT. 43, 44 The exchange and correlation energies are treated within the local density approximation (LDA) with the Hedin and Lundqvist form of exchange correlation functional. 45 Dielectric functions are calculated according to time-dependent perturbation theory using the electric dipole matrix elements based on the FLAPW method. 46, 47 Here we focus on its imaginary part 2 (ω). The basic expression, in terms of the band structure and the dipole matrix elements of the perturbation due to the interaction with photons, is written as
whereê is the photon electric polarization vector, and p is the electric dipole operator. The sum is over the unit cell of volume V . The electric dipole matrix elements are calculated for the direct interband transition between the occupied |ψ i , k and unoccupied |ψ f , k states whose eigenenergies are E i and E f , respectively. The absorption coefficient μ is defined as
where 1 = n 2 -κ 2 and 2 = 2nκ. μ gives the rate of spatial decay and has units of inverse length. The real part of the dielectric function 1 can be obtained from 2 by the KramersKronig integral transformation. 48 Structural optimizations for all lattice constants, angles, and internal atomic coordinates were performed based on the following procedure: The Vienna ab initio simulation program 49, 50 with projected augmented wave potentials was used for relaxing lattice shapes by calculating stress tensor; an energy cutoff of 800 eV was used for the plane wave basis functions. We confirmed that the relaxed structural parameters based on the pseudo-potential method are in fairly good agreement with those based on the FLAPW method. The structural stabilities, electronic structures, and optical properties are calculated using the FLAPW methods. Uniform k-mesh sets of 4 × 6 × 6 for the A2 structures,4 × 6 × 10 for the P 2 1 , and 2 × 6 × 6 for the P 2 1 /a structure were used in the Brillouin zone integrations. Muffin-tin sphere radii were set to be 1.03Å for S, 0.68Å for C, and 0.40Å for H, respectivity. The plane-wave cutoffs were set to 30 Ry for the LAPW basis functions, and the cutoffs of the potential representation were set to 135 Ry. We have checked the convergence of total energies, in terms of the plane-wave cutoffs for the basis functions and the electron densities.
III. RESULTS AND DISCUSSION

A. Determination of crystal structure of rr-P3HT
The crystal structures of rr-P3HT have been extensively investigated using various experimental techniques. Table I shows experimentally proposed lattice parameters. The results, most from papers published in the 1990s, show only schematic models and lattice constants of crystal rr-P3AT; none are about internal coordinates and space groups. Prosa et al. reported a structural model, called the inverse comb model, that has lamellar structures by which stacks of PT backbones are found to be uniformly spaced by the side chains. 18, 27, 28 Tashiro et al. proposed various possible schematic models of rr-P3HT using computational modeling techniques. 21, 22 Quite recently a monoclinic structure of rr-P3HT with a P 2 1 /c space group was proposed by the electron diffraction measurements. 20, 29 Here there are two uncertain points related to the structural type: Does crystalline rr-P3HT have an orthorhombic or monoclinic structure, and is the lattice constant a about 32 or 16 A. Furthermore, no consensus on the internal coordinates has been obtained. Our proposed structures with their optimized lattice parameters and the energy differences (E total ) among them are summarized in Tables II and III, respectively. We found that a base-centered monoclinic structure, type β , is the most stable structure, but the energy difference between types β and β is quite small. Details of the proposed TABLE I. Experimentally determined lattice constants of rr-P3HT. XRD represents x-ray diffraction measurements. SAED shows small-area electron diffraction measurements.
Prosa et al. structures, including results of their structural optimizations, are presented in following subsections.
As shown in Fig. 2 , the lattice constants are defined following the notation given below. These reported structures share the following common structural features: lattice constant a corresponds to the length of the hexyl side-chain stacking direction (x axis), b is the (π conjugation) connecting backbone direction (y axis), and c exhibits the PT backbone (π -π ) stacking direction (z axis). The extension of the side chains is essentially along the x axis in the P3AT family. 17 To characterize the molecular packing depending on the different structures, we need to focus on (1) orientations of the PT backbone and the hexyl side chains in the ac plane, (2) angular orientation of the plane containing the hexyl side chain with zig-zag conformation, and (3) interplanar offset between lower and upper molecular sheets along the conjugated direction, y axis, in the unit cell (δ b ).
Base-centered orthorhombic ( A2 1 22) and monoclinic ( A2) structures
We first proposed two possible crystal structures of rr-P3HT. One is a base-centered orthorhombic structure with A2 1 22 (No. 20) as shown in Fig. 3(a) , and the other is a basecentered monoclinic structure with A2 space group (No. 4) as shown in Fig. 3(b) . We refer to the orthorhombic structure as type α and the monoclinic one as β, respectively. Type α consists of 100 atoms/cell, and β contains 50 atoms/cell. The structural model of β is constructed by cutting half of the unit cell off from α structure. This indicates that the A2 1 22 structure consists of four monomeric units, and A2 contains two units in the conventional cell. Both structures have a twofold screw axis rotation around the y axis, which is orthogonal to the PT stacking axis.
As in the orthogonal views in Fig. 3 (b), the PT backbones in the monoclinic A2 structure are stacked isodirectionally along the x axis, while those in the orthorhombic type α have an antiparallel configuration as a consequence of the space groups. As in the top views shown in Fig. 4 , although both structures have a herringbone structure, the A2 structure exhibits a "parallel" lamellar structure, and the A2 1 22 structure shows a "zigzag" lamellar one. The atomic coordinates of type α are taken from a structural model of rr-poly(3-butilthiophene) (P3BT) (n = 4) proposed by Arosio et al., 51 which was obtained on the basis of a Rietveld refinement of a powder diffraction pattern and molecular mechanics calculations, in analogy with poly(3-methylbutylthiphene) (P3MBT). 52 We extended the length of the side chains to be hexyl side chains since the structural difference between rr-P3HT and rr-P3BT might be simply due to the length of the side chains.
To compare the differences in stabilities between the two structures, we first constructed the crystal structures employing the experimentally determined lattice parameters observed by Tashiro et al. 21, 22 The lattice constant a for the type α structure is set to be twice as large as that for type β, and the monoclinic angle β is set to be 90
• for the comparison; lattice constants b = 7.77Å and c = 7.75Å are used for both structures. The relaxation for their internal coordinates was performed by the FLAPW method. As a result of the relaxation, we found that type β is more stable than type α. The total energy difference is 0.22 eV/50 atoms. The tails of the side chains of neighboring molecules of the α structure are very close to one another, which leads to repulsive atomic forces between them. The β structure is monoclinic; we optimized the lattice volumes and monoclinic angle β around the experimental lattice volume. The relaxed lattice parameters are a = 16.90, b = 7.71, c = 7.55Å, and β = 87.97
• , which are in fairly good agreement with the experimentally proposed lattice parameters. The calculated energy difference between β equal to 90
• and 87.97
• is 0.24 eV/50 atoms; this plays an important role in stabilizing the monoclinic structure.
Second, we performed full structural optimizations for both α and β structures using the pseudopotential method. Figure 3(c) and 3(d) show the fully relaxed structures called types α and β , respectively. As a result of comparing between before and after the relaxation, two molecular units are separated from one another in type α as opposed to the α structure. This can be seen in Fig. 3(c) , which results in the lattice constant a in α being longer than that of α. Furthermore, as a result of the full relaxation for the β structure, we found a more stable structure with the A2 space group, as shown in Fig. 3(d) (called type β ) . The optimized lattice parameters of type β are a = 16.23Å, b = 7.73Å, c = 7.03Å, and β = 101.24
• . In this structure the neighboring two side chains are interjected into one another along the stacking direction of backbones (z).
In the present study, we found that the β structure is the most energetically stable among proposed structures. However, the optimized interplanar distance between two PT backbones is about 3.50Å, which is shorter than that 3.77 A, obtained from experiment. 21 Furthermore, the calculated monoclinic angle β has not yet been reported by experiments. A previous theoretical study by Xie et al. also proposed similar structures with a monoclinic angle β = 101
• by using a semiempirical (ad hoc) method based on the DFT + a local atomic potential (LAP) approach. This method partially takes the electronic nature of van der Waals (vdW) interactions into account; the interaction is represented by a local parameterized contribution added to atomic pseudopotentials. They found that their proposed structure with interplanar offset along the b axis, δ b = b/2, is stabilized at β = 101
• , while another structure with δ b = 0 is stabilized at β = 90
• . It is also noted that the offset value of the β structure of δ b = b/2 is in generally good agreement with several structures of rr-P3HT proposed by previous DFT studies 32, 33 and experiments, and other polythionene crystals such as PMBT 52 and poly(3,4-ethylenedioxythiophene) (PEDOT). Recently Kayunkid et al. synthesized semicrystalline samples of rr-P3HT epitaxial thin films and reported another monoclinic structure with P 2 1 /c space group (No. 14) on the basis of electron diffraction measurements. 29 This lattice contains 100 atoms per unit cell where C, H, and S atoms occupy 4a Wyckoff sites. The axis choice of the unit cell can be transferred along with P 2 1 /a or P 2 1 /n, depending on the axis choice of the unit cell. Their proposed lattice parameters with the P 2 1 /a are a = 16.0Å, b = 7.80Å, c = 7.80Å, and β = 86.5
• ; we term this structure type γ . Figure 4 (a) shows an orthogonal view of the monoclinic structure. There are several remarkable characteristics of type γ compared to α and β. One is that the zig-zag plane of the hexyl side chains in γ structure are in the same plane as the PT backbone planes with "stepside" (wavy) structures. Dag and Wang 33 reported energy barriers calculated by changing the torsion angle around bond connection between PT backbone and the side chain for an isolated single rr-P3HT chain, and two local minima at 0
• and 85
• were found; the angle at 0
• is slightly favorable than 85
• with the energy difference of 0.1 eV. The other is the interplanar offset δ b as listed in Table II; As a result of full structural relaxation performed for type γ using the pseudopotential method, we found lattice parameters, a = 16.27Å, b = 7.72Å, c = 7.15Å, and β =
89.02
• , as presented in Fig. 4 (c) and 4(d) (called type γ ). From type γ to γ , their optimized lattice parameters are consistent with experimentally determined structures, but the lattice constant c (the PT backbone stacking direction) is shorter than that of the experimentally determined lattice constant. The corresponding interplanar distance is decreased from 3.6 to 3.1Å, and their internal atomic coordinates are drastically changed, as shown in Fig. 5 . After the relaxation, the step-side structure is gone; the molecular sheets have been straightened in the ab plane. This optimized structure is very similar to the schematic model proposed by Tashiro et al. 22 The offset δ b is significantly decreased (δ b = 0.058b) as shown in Fig. 5(d) . In the experimental structure, the tails of the hexyl side chain are very close to that of the neighboring chain, as shown in Fig. 5(a) and 5(b) . Thus, it can be interpreted that the molecular sheet has been moved in order to secure space for the hexyl side chain in the unit cell. In the optimized structure, the side chains have enough space to stretch their tails and are interjected with tails of neighboring side chains [see Fig. 5 (c) and 5(d)]. However, we found that the γ structure is less stable than the β structure; the total energy difference is 1.32 eV per 50 atoms, as listed in Table III. Recently Xie et al. have also performed the full structural relaxations for the experimentally determined structure. 35 Their relaxed structure is slightly different from γ structure in the present study. Their result also shows that the stepside (wavy) structure disappears due to the cell relaxation. However, the offset δ b has not changed from the experimental structure, and the lattice constant a has a longer value of 18.91Å than the experimental one of 16.0Å and type γ of 16.27Å. No interdigitation of the side chains is found in the structure. Although vdW interactions are partially included in their relaxation, their lattice constant c of 6.63Å, which along the π -stacking direction is shorter than our LDA result of 7.15Å and the experimental one of 7.8Å. It was reported that the relaxed monoclinic structure is energetically unfavorable, and the most stable structure in their study is an orthorhombic structure with a = 17.24Å, b = 7.80Å, c = 7.70Å. Additionally, the offset δ b = 0 is stabilized at β = 90
• in the orthorhombic structure on the basis of the DFT + LAP calculations.
Monoclinic structure with P2 1
Motivated by the orthorhombic structure, we tried to find more stable structure than the β structure. We assumed a structure with space group P 2 1 (No. 4) to have no slippage between the upper and lower sheet (δ b = 0) as shown in Fig. 6 . The lattice contains only a single layer with 50 atoms, and the lattice constant c has almost half that of the other structures. The original internal coordinates are based on an experimental structure by Kayunkid et al. We term this structure type κ. We performed the full lattice relaxations for the structure by using the VASP code within LDA. The relaxed lattice parameters are a = 18.56Å, b = 7.74Å, c = 3.74Å, and β = 86.57
• (type κ ). The LDA results clearly show that the monoclinic angle is not stabilized by the offset δ b = 0. The lattice constant a is longer than that of other structures as listed in Table II , and no interdigitations of side chains are observed (see Fig. 6 ). As listed in Table III , the κ structure is more stable than γ , but 075114-5 less stable than the β structure with the energy difference of 0.37 eV/50 atoms. Indirect and direct band gaps of 0.75 and 1.01 eV are found, respectively, in the κ structure.
In this study we found that the β structure has the lowest energy within the LDA calculations (see Table III ). However, the large discrepancies of the angle β and interplaner distance between PT backbones with experiment still need to be investigated. The structural stability might be determined by not only interactions between stacked PT backbones but also the configurations of the side chains. Other structures are possible to be more stable than the β structure by introducing a better description of vdW interactions with the DFT. Implementations of DFT including the semiempirical dispersion correction 55 and vdW-DFT framework 56 are now in progress to be compared with the LDA results. Now that the molecular packing has been determined, we can discuss their linear optical properties and electronic structures.
B. Linear optical properties and electronic structure
Dielectric functions and optical transition rates are calculated for discussing their linear optical properties using the FLAPW method. 46, 47 We focused on the frequency dependence of the imaginary part ε 2 of the dielectric functions, which can be derived according to Eq. (1), as plotted in Fig. 7(a) and 7(b) , respectively. The optical absorption spectra calculated by Eq. (2) functions are calculated using the most stable structure, type β . A scissors correction is used in the spectra, δ b = 0.8 eV, for both crystals. 57 As shown in the imaginary part of the dielectric functions, we found that the optical transition along the y axis is dominant at the band edges. The electronic band structure of β structure is plotted in Fig. 9 . The band structure was investigated by evaluating the band dispersion along k points of high symmetry in the first Brillouin zone of the monoclinic lattice. The direct band gap at within the LDA is 1.01 eV, and the gap is almost constant along to the Z point, but a similar size of band gap can be seen along the to M point. In this compound, the valence band maximum (VBM) is located at , and the conduction band minimum (CBM) is located at the M point. There is a quite small indirect band gap of 0.1 eV between them. The high symmetry line in the Brillouin zone along -Z and -M corresponds to the x axis of the lattice vector. Their calculated direct band gap corresponds to the measured value of 1.8 eV found based on the absorption coefficient.
14 As expected, these LDA results underestimate the value of the band gap. Hence, we are performing screened exchange calculations to obtain more reliable band gaps.
The calculated contour plots of wave functions at the VBM and CBM at the and points are also shown in Figs. 9(a)-9(d) . Here, the most interesting point is that only the C and S orbitals belonging to polythiophene backbones can be seen in these plots, and there is no contribution from the hexyl side chains. Total and partial DOS of β structures are also shown in Fig. 9 . In the crystal structure, there are 10 atomic (Wycoff) sites of C atoms in the unit cell, which can be classified into two groups: one belonging to polythiophene backbones, and the other is a part of the hexyl side chain. The band structure and the partial DOS with the classification are plotted in Fig. 9 . We found that the well-bent bands at occupied states between-4 and 0 eV, and the unoccupied states are made of mostly p π orbitals of C and S atoms, but the flat bands below-4 eV composed of C and H orbitals belong to the hexyl side chains. Almost all C bondings in the hexyl side chains are made of only σ bonds, with none from π bonding at all in this energy region. 
Matrix elements
To better understand how the intrinsic electronic structure affects the optical transitions of the polymers, it is useful to evaluate the electric dipole matrix elements from a group-theoretical view. 48, [58] [59] [60] The matrix element includes all symmetry issues; an electric dipole transition can be forbidden by the symmetry of the molecule or crystal, which is called the dipole selection rule. The electric dipole operator p is a vector which has three components, p x , p y , and p z , and is an odd function; the operator has the same symmetry as a polar vector e. Whether an optical transition is forbidden or not can be ascertained by examining the direct product of the symmetries of initial and final states in the vertical optical transition. 58 In β structure, all atomic coordinates occupied in the 2a site of the space group belong to the point group C 2 . The corresponding character table is shown in Table IV . The matrix element is nonzero if (f ) is contained in the decomposition of the direct product between the dipole operator p and an irreducible representation of initial state (i) . Since p is transformed by the representation at k = 0; p = − 2 irreducible representation in 075114-7 
the group C 2 , We are concerned with a vertical transition from the top of the valence bands at the point; the direct product transforms as
Since − 2 and + 1 are contained, the dipole transitions into all levels are allowed. At the point, the direct product is given by
the transitions into all levels are also allowed.
As shown in Fig. 7 , at the top of the valence band and , only the yy component remains in the matrix elements. Both band edges have a significant contribution from the backbone, but almost none from the alkyl side chains. For instance, the top of the valence band at is set to be an initial state; an irreducible representation of the initial wave function ψ i belongs to the 2 irreducible representation. The bottom of the conduction band is set to be the final state, which also belongs to the representation
Here R represents the space group symmetry operation. As shown in Fig. 9 , the upper and lower molecular sheet in the unit cell are connected by a rotation symmetry of 180
• around the y axis. Using the character table, we can apply the operation of the symmetry R for the initial and final state wave functions ψ at the point:
The sign of the x and z components of wave functions is changed by the asymmetric operations, but the component y is invariant under every operation of this group. The matrix elements can be written as
vanished. At the point, wave functions at the top of the valence and bottom of the conduction bands belong to symmetric representations:
The matrix element for the y component is ψ As a result of an analysis of the character of the wave functions at the band edges and partial density of states, the d band tails of S atoms and the p component of C are dominant at the top of the valence bands. There are fewer S-p orbitals, but a large amplitude of the p orbital can be seen at the bottom of the conduction band. These S orbitals are hybridized with p orbitals of C atoms belonging to the PT backbones. These C-p orbitals have an on-site hybridization of their d orbitals. The electric dipole transitions from s to p, and from p to d orbitals of Se/S and C are allowed.
In this study imaginary part of dielectric functions for the γ and γ structures were also calculated as shown in Fig. 10 (a) and 10(b). In both spectra there are small peaks of zz at the band edge, but large peaks of yy are dominant. All atoms in the unit cell are belonging to the C 2v point group. This group has C 2 operation with two mirrors σ v (xy) and σ v (yz). Similar explanations as type β are available for these structures.
Differences between rr-P3HT and rr-P3HS
The differences in the structural, optical, and electronic properties between polythiophenes and polyselenophenes are studied by focusing on the effect of Se replacement in rr-P3HT. The structural optimization was performed for the most stable structure, type β , with substitution of sulfur by selenium. The relaxed structural parameters of rr-P3HS are a = 15.87Å, b = 7.98Å, c = 7.13Å, and β = 100.35
• . There is no big difference between them, the lattice constant b of P3HS is slightly larger than P3HT, which might come from the difference in ionic radius between S and Se, as shown in the total charge density maps of Fig. 11 . The overlap of the charge density between C and S (Se) is not significant. The electronic structure of rr-P3HS can be considered as a semiconductor with a direct band gap of 0.86 eV within LDA as listed in Table III . The direct band gap of P3HS is 20% smaller than that of P3HT, and this ratio is in fairly good agreement with measurements; the band width of P3HS is decreasing. The p orbitals of Se are higher in energy compared to that of P3HT; the p orbitals of Se are more delocalized (extended in space) than those of S atoms. The band width of P3HS is smaller, and Se orbitals are at a higher energy compared to those of P3HT. As shown in Fig. 7 , the peak of imaginary part of the dielectric function 2 of rr-P3HS is higher than that of rr-P3HT at below 4 eV, but the absorption spectra μ of rr-P3HS are almost identical to that of rr-P3HT (see Fig. 8 ).
C. Summary
Using first-principles DFT calculation methods, linear optical properties, electronic structure, and the structural stabilities of rr-P3HT and rr-P3HS were investigated by focusing on their anisotropic structure. Several possible crystal structures are proposed, and their structural stabilities are discussed by performing structural optimizations within the LDA. The most stable structure is a base-centered monoclinic structure (type β ), belong to the A2 space group with the lattice parameters of a = 16.23Å, b = 7.73Å, c = 7.03 A, and β = 101.24
• . The optical spectra are evaluated by calculating its dielectric functions, focusing on the frequency dependence of the imaginary part, and a group-theoretical analysis of the matrix elements is given to explain the interband transitions. Strong y-polarized optical absorption is found at below 4 eV, which is associated with the π conjugation of the PT backbones. It is also found that extended p orbitals of C and S atoms belonging to the PT backbones have a significant contribution at the VBM and CBM, but there is almost no contribution from the hexyl side chains to the optical transitions. The differences in electronic and optical properties between rr-P3HT and rr-P3HS are discussed; the calculated direct band gap within LDA of P3HS, 0.86 eV, is about 20% smaller than that of rr-P3HT, 1.10 eV, but the band gap difference does not significantly affect the optical absorption coefficients.
